Object. The aim of this study was to evaluate long-term clinical outcomes after Gamma Knife surgery (GKS) for patients with neurofibromatosis Type 2 (NF2) and the role of GKS in the management of NF2.
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N eurofibromatosis Type 2 (NF2) is an autosomal dominant genetic disorder; the symptoms of neurocutaneous syndrome are caused by mutations on chromosome 22q12. 1, 13, 17 Comprehensive management of patients with NF2 remains a challenge. The hallmark and main diagnostic criteria for this disease are the presence of bilateral vestibular schwannomas, with or without a family history of NF2, plus unilateral vestibular schwannomas or any 2 of the following: meningioma, glioma, neurofibroma, schwannoma, and posterior subcapsular lenticular opacities. 5 Incidence of this disease is about 1 in 40,000. 4 Increasingly, more articles [7] [8] [9] [10] [11] [12] [14] [15] [16] about the clinical outcomes after Gamma Knife surgery (GKS) for vestibular schwannomas in patients with NF2 have led to growing acceptance of this approach as a safe and effective treatment modality for the combined management of NF2 cases. However, the clinical effects of GKS for patients with vestibular schwannomas associated with NF2 are worse than those for patients with sporadic vestibular schwannomas. To evaluate the long-term clinical outcomes of GKS for patients with NF2, we performed a retrospective study of NF2 patients who had received treatment dur-ing 1994-2008 at the Gamma Knife Center of the Beijing Neurosurgical Institute and had been potentially available for 5 or more years of follow-up evaluation.
Methods

Patient Demographics
During December 1994-December 2008, a total of 46 patients (21 male and 25 female) with NF2 and bilateral vestibular schwannomas underwent GKS and followup evaluations for least 5 years after GKS. The mean age of the patients was 30 years (range 13-59 years); 12 patients were younger than 20 years. A family history of NF2 was found for 9 (20%) patients; 2 families accounted for 5 of the 9 patients. Of these 46 patients, 13 (28%) had only bilateral vestibular schwannomas; the other 33 had bilateral vestibular schwannomas in combination with other central tumors: 12 (26%) combined with multiple schwannomas, 5 (11%) combined with multiple meningiomas, and 16 (35%) combined with multiple schwannomas and meningiomas. In general, NF2 was divided into 2 types according to phenotype 6 : Wishart phenotype NF2 is characterized by rapidly progressing multiple cerebral and spinal lesions in patients younger than 20 years, and Feiling-Gardner phenotype NF2 is characterized by slowly progressing single central tumors in patients older than 20 years. In our cohort, 20 (44%) patients were thought to have Wishart phenotype and 26 (56%) Feiling-Gardner phenotype NF2.
Radiosurgical Parameters
From 1994 until 2000, a Leksell Gamma Knife Model B (Elekta AB) was used; from 2000 on, Model C was used. Before May 1996, the Kula planning system (Elekta AB) was used; thereafter, Leksell GammaPlan software (Elekta AB) was used. The 46 patients studied underwent GKS for a total of 195 tumors (73 vestibular schwannomas and 122 other tumors including other schwannomas and meningiomas). The mean number of GKS-treated tumors for each patient was 4 (range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In this series, 16 patients underwent 1 GKS procedure, 21 patients underwent 2 GKS procedures, 7 patients underwent 3 GKS procedures, and 2 patients underwent 4 GKS procedures. For vestibular schwannomas, the mean volume was 5.1 cm 3 (median 3.6 cm 3 , range 0.3-27.3 cm 3 ), the mean margin dose was 12.9 Gy (10-14 Gy), the mean maximum dose was 27.3 Gy (16.2-40 Gy), and the mean isodose line was 49%. For other tumors, the mean volume was 1.7 cm 3 (range 0.3-5.5 cm 3 ), the mean margin dose was 13.3 Gy (11-14 Gy), the mean maximum dose was 26.0 Gy (18.0-30.4 Gy), and the mean isodose line was 51%.
Treatment Modality for Vestibular Schwannomas in Patients With NF2
Treatment modalities for bilateral vestibular schwannomas in patients with NF2 are shown in Table 1 . Bilateral GKS was performed as the primary treatment for vestibular schwannomas in 17 patients; unilateral GKS was performed as the primary treatment for vestibular schwannomas and as the secondary treatment for contralateral postoperative residual or recurrent vestibular schwannomas in 11 patients; unilateral GKS was performed as the primary treatment for vestibular schwannomas and microsurgery was performed for the contralateral vestibular schwannoma in 8 patients; unilateral GKS was performed as the primary treatment for vestibular schwannomas and contralateral vestibular schwannomas underwent observation (wait and see) in 4 patients; bilateral GKS was performed as the secondary treatment for postoperative vestibular schwannomas in 2 patients; unilateral GKS was performed for postoperative vestibular schwannomas and contralateral vestibular schwannomas underwent observation in 2 patients; and bilateral vestibular schwannomas underwent observation in 2 patients. Of 92 vestibular schwannomas in these 46 patients, GKS was performed as the primary treatment for 57 and as the secondary treatment (postoperatively) for 17; microsurgery was performed for 8 vestibular schwannomas, and 10 underwent observation.
Follow-Up Evaluations
For all patients in the series, all post-GKS followup imaging was conducted by MRI. Hearing and facial symptoms were assessed at baseline and during follow-up according to the Gardner-Robertson classification and the House-Brackmann grading system, respectively. Tumor responses on MR images after GKS were classified into 3 categories: tumor regression, stable tumor, or tumor enlargement. Tumor regression was defined as post-GKS tumor volume 10% less than pre-GKS tumor volume or tumor shrinkage of 2 mm or more in 1 axis. Stable tumor was defined as post-GKS tumor volume change within 10% or less than a 2-mm change in 1 axis. Tumor enlargement was defined as post-GKS tumor volume 10% greater than pre-GKS tumor volume or growth in 1 axis of 2 mm or more.
Statistical Analyses
The Kaplan-Meier product-limit method was used to calculate actuarial rates of vestibular schwannoma control, progression-free survival for patients with NF2, and preservation of serviceable hearing. The correlations of potential prognostic factors with progression-free surviv- ). Univariate analysis was performed on KaplanMeier plots by using the log-rank statistic; a p value < 0.05 was considered significant. Multivariate analyses were performed by using the Cox regression model (95% confidence intervals). Standard statistical processing software (SPSS version 17.0; SPSS, Inc.) was used.
Results
Tumor Control
The median duration of follow-up was 109 months (range 8-195 months). Of the 73 vestibular schwannomas that underwent GKS, the latest follow-up MRI studies demonstrated tumor regression for 30 (41%) tumors, stable tumor for 31 (43%), and tumor enlargement for 12 (16%) tumors. The total rate of tumor control for bilateral vestibular schwannomas in patients with NF2 was 84%. Actuarial rates for local control of vestibular schwannomas were 87 and 41% at 5 and 10 years, respectively. Of 122 other types of tumors, 103 (85%) tumors showed no enlargement.
Outcome of Hearing Preservation and Other Cranial Nerve Functions
Of the 46 NF2 patients (92 vestibular schwannomas) in this cohort, hearing was serviceable (Gardner-Robertson Grades 1 and 2) for 34 patients with 56 vestibular schwannomas that had not undergone surgery before GKS. Before GKS, loss of serviceable hearing was found for 1 patient with bilateral vestibular schwannomas and no previous surgery and for 34 patients with vestibular schwannomas and previous surgery. Up to the last followup evaluation, 9 vestibular schwannomas in 7 patients underwent long-term observation (mean 7.7 years, range 5-10 years), and the rate of serviceable hearing preservation was 33.3% (3/9); GKS was the primary treatment and hearing level follow-up was completed for patients with 47 vestibular schwannomas, and the rate of serviceable hearing preservation was 31.9% (15/47); and microsurgery was the primary treatment for 25 vestibular schwannomas, and the rate of serviceable hearing preservation before GKS was nearly 0%. The mean interval of serviceable hearing loss after GKS was about 7 years (range 1-11 years). The actuarial rates for hearing preservation after 3 years, 5 years, 10 years, and 15 years after primary GKS are 98%, 93%, 44%, and 17%, respectively.
Of the 46 patients in this cohort, 22 (48%) patients became completely bilaterally deaf, 17 (37%) patients retained unilateral serviceable hearing, and 7 (15%) patients retained bilateral serviceable hearing. Of the 73 vestibular schwannomas, the rate of transient or permanent trigeminal neuropathies was 8%, and the rate of transient or permanent facial paralysis was 5%.
Disease Course
During the long-term follow-up period, 14 (30%) patients died or became severely disabled, 29 (63%) patients experienced tumor progression, and 17 (37%) patients had stable tumors. The disease course was defined as the time of definitive diagnosis to the time of the last follow-up evaluation. The mean history of the disease course was 12 years (range 5-38 years). Of the 46 patients in this group, 5 patients with multiple meningiomas only were all older patients with Feiling-Gardner phenotype NF2 and 8 (67%) of 12 with multiple schwannomas only were juvenile patients with Wishart phenotype NF2. So in our experience, schwannomas tended to develop more in younger patients with NF2 and meningiomas tended to develop more in older patients with NF2. We noted that the disease course in young patients with NF2 progressed rapidly, especially in those with Wishart phenotype NF2 (Fig. 1) . Of the 14 patients who died or were severely disabled, 12 patients were thought to have Wishart phenotype NF2, and many schwannomas, neurofibromas, and meningiomas developed throughout the nervous system (> 50 tumors in 1 patient with NF2) during a mean disease course of 13 years (range 5-21 years).
Factors Associated With Tumor Progression-Free Survival and Hearing Preservation
According to univariate analysis (performed on Kaplan-Meier plots using the log-rank statistic), p values for association with progression-free survival were as follows: patient sex (p = 0.219), patient age (p = 0.016), family history of NF2 (p = 0.203), NF2 phenotype (p = 0.011), tumor types (p = 0.034), and treatment modality (p = 0.577). The factors identified by univariate analysis as being significantly associated with progression-free survival were patient age, NF2 phenotype, and tumor types. According to multivariate analysis (Cox regression), p values for association with progression-free survival were as follows: patient sex (p = 0.087), patient age (p = 0.475), family history of NF2 (p = 0.127), NF2 phenotype (p = 0.016), tumor types (p = 0.107), and treatment modality (p = 0.946). The only factor identified by multivariate analysis as being significantly associated with progression-free survival was NF2 phenotype.
According to univariate analysis (performed on Kaplan-Meier plots using the log-rank statistic), p values for association with hearing preservation were as follows: patient sex (p = 0.407), patient age (p = 0.772), family history (p = 0.931), NF2 phenotype (p = 0.177), and treatment modality (p = 0.418). According to multivariate analysis (using Cox regression), p values for association with hearing preservation were as follows: patient sex (p = 0.232), patient age (p = 0.391), family history of NF2 (p = 0.285), NF2 phenotype (p = 0.679), and treatment modality (p = 0.280). Neither univariate nor multivariate analyses iden-tified a significant factor associated with the outcome of hearing preservation.
Of 73 vestibular schwannomas treated by GKS, according to univariate analysis (performed on KaplanMeier plots using the log-rank statistic), p values for association with hearing preservation were as follows: treatment modality (p = 0.724) and volume group (p = 0.569). According to univariate analysis (performed on Kaplan-Meier plots by using the log-rank statistic), p values for association with tumor control were as follows: treatment modality (p = 0.729) and volume group (p = 0.489). The factors of treatment modality and tumor volume size seemed to have no significant effect on hearing preservation and tumor control in NFS patients with vestibular schwannomas.
Discussion
Tumor Control and Factors Associated With GKS
With the achievement of GKS treatment of sporadic vestibular schwannomas, more and more clinicians have been interested in long-term clinical results after GKS for vestibular schwannomas in patients with NF2. Recently reported clinical outcomes are listed in Table 2 . [8] [9] [10] 14, 15 Among patients in our series, the actuarial 5-year and 10-year rates of tumor control were 87% and 41%, respectively; the rate for long-term tumor control was lower than that found by Mathieu et al. 9 (85% and 81% at 5 and 10 years, respectively) and Mallory et al. 8 (85% and 80% at 5 and 10 years, respectively). According to the results presented in Table 2 , we note that GKS might provide relatively high rates of long-term control of vestibular schwannomas in patients with NF2 (50%-87.5%); these rates are lower than those for sporadic vestibular schwannomas. There was also no evident difference between tumor control rates previously reported [7] [8] [9] [10] [11] [12] [14] [15] [16] and those from our study (both at prescribed peripheral dose of 12-14 Gy). Thus, there is no doubt that GKS can provide long-term arrest of local tumor growth for vestibular schwannomas in patients with NF2. According to our study and the other studies mentioned above, [7] [8] [9] [10] [11] [12] [14] [15] [16] the rates of tumor control after GKS for vestibular schwannomas in patients with NF2 are obviously lower than those for sporadic vestibular schwannomas. Consequently, the role of GKS in the management of vestibular schwannomas in patients with NF2 and of sporadic vestibular schwannomas differs to some extent. GKS can benefit patients with sporadic vestibular schwannomas because of the high rate of control of small-to medium-sized vestibular schwannomas, in the absence of other central tumors. But for patients with NF2, especially the Wishart phenotype, GKS played only a limited role in the comprehensive management because of the relatively low rate of tumor progression-free survival and the rapid growth of many other tumors.
From Fig. 2 , we concluded that the actuarial progres- sion-free survival rate after GKS for patients with Wishart phenotype NF2 was less than that for patients with Feiling-Gardner phenotype NF2, and the reason is the rapid development of the disease course in patients with Wishart phenotype NF2. In our experience, phenotype was the only factor that significantly affected progression-free survival according to both univariate and multivariate analyses. Above all, we noted that NF2 phenotype remained the most significant prognostic factor for progression-free survival of NF2 patients. In fact, patient age and type of tumor were both associated with phenotype classification. Mathieu et al. 9 and Phi et al. 10 found younger patient age to be a predictor of poor tumor control. It is known that specific mutations in the NF2 gene are associated with younger age at disease onset and with overall severity of the disease. Phi et al. also hold the same view as found in our study, that these genotype-phenotype correlations might also extend to treatment responses. In addition, Mathieu et al. noted that tumor volume was a significant predictor of local control.
Preservation of Serviceable Hearing
Among the 46 patients, 7 patients with 9 vestibular schwannomas underwent observation during a mean long-term follow-up period of 8 years (range 7-10 years); 1 patient with a vestibular schwannoma was excluded from analysis because of loss of serviceable hearing before GKS. The hearing of all patients with these 9 vestibular schwannomas tended to deteriorate, and 3 patients lost their serviceable hearing. Serviceable hearing is more likely to be retained in a patient in whom the disease course is indolent. During a 7-year period of clinical observation without GKS, bilateral deafness developed in 1 young female patient; follow-up MRI demonstrated that her bilateral vestibular schwannomas remained stable in size. We inferred that the reason for her deafness was that the tumor cells might have infiltrated and engulfed cranial nerve VIII and the cochlea.
Data from our study and others [8] [9] [10] 14, 15 show that GKS could provide relatively long-term hearing preservation for 25.0%-66.7% of NF2 patients, which is less than might be expected for hearing preservation among patients with GKS-treated sporadic vestibular schwannomas. According to univariate and multivariate analyses, no significant factors (such as tumor size or treatment modality) were found to be associated with hearing preservation in this group. The prescription margin dose range of GKS for vestibular schwannomas in patients with NF2 was the same as that for sporadic vestibular schwannomas (12-15 Gy); therefore, we considered that the margin dose and the dose affecting the cochlea were also not the important factors. Mallory et al. 8 noted that hearing outcomes were poor even when contemporary reduced marginal doses were used.
We found no significant difference in the rate of serviceable hearing preservation between the 9 vestibular schwannomas that underwent long-term observation and the 49 vestibular schwannomas that underwent GKS as the primary treatment (33.3% vs 31.9%), so we concluded that the degree of serviceable hearing deterioration resulting from the iatrogenic injury of GKS would not exceed that resulting from natural injury during long-term clinical observation (wait and see). We noted that the rapid progression of disease in patients with NF2 was the most significant predictive factor resulting in poor hearing preservation.
Treatment Strategy
Of the 9 vestibular schwannomas in 7 patients man- * FU = follow-up.
Fig. 2.
Kaplan-Meier plot illustrating the significant effect of NF2 phenotype on progression-free survival after GKS. After GKS, the actuarial progression-free survival time for Wishart-phenotype NF2 was less than that for Feiling-Gardner-phenotype NF2.
aged with observation only, follow-up MRI demonstrated that only 2 vestibular schwannomas remained stable in size (tumor control rate only 22.2%), whereas the rate of preservation of serviceable hearing was 33.3%. For the group for whom GKS was the initial and definitive treatment, the rate of tumor control was about 84%, and the rate of serviceable hearing preservation was 31.9%. Thus, we conclude that GKS arrested tumor growth enough to interrupt or terminate the natural disease course for some patients with Feiling-Gardner phenotype NF2, although loss of serviceable hearing for most patients with NF2 was inevitable. At the Beijing Neurosurgical Institute, a 53-year-old patient with only bilateral vestibular schwannomas experienced 18 years of progression-free survival after GKS (Fig. 3) .
At the Beijing Neurosurgical Institute, the choice of treatment modality for NF2 patients is determined by disease progression, local tumor volume, and a desire to preserve bilateral serviceable hearing. For bilateral vestibular schwannomas, the choice of which vestibular schwannomas should undergo GKS is determined by whether hearing is deteriorating on 1 side or if either vestibular schwannoma shows active growth during the clinical observation period. In our experience, we follow a policy of surgical operation for large-volume tumors with increased intracranial pressure, wait and see (clinical observation) is not recommended, and staged GKS is recommended as the primary treatment for patients in the early stage of NF2 disease. In our experience from this study, we agree with Baser et al. 2 that the rates of vestibular schwannoma growth in patients with NF2 tend to decrease with increasing patient age. But for younger patients with Wishart phenotype NF2, individual comprehensive management should include not only microsurgery and GKS but also possibly systemic antiangiogenesis target drugs. We have had some experience with a 19-year-old female patient with multiple schwannomas and meningiomas who was treated with bevacizumab after GKS and microsurgery; follow-up MRI 2 years later showed most tumors to be stable, although bilateral serviceable hearing was nearly lost. Several papers 3, 11 have reported that vascular endothelial growth factor might play a major role in NF2-associated vestibular schwannoma growth and that bevacizumab might help preserve serviceable hearing and arrest growth of vestibular schwannomas in some selected NF2 patients.
Conclusions
In this study, GKS was confirmed to provide longterm local tumor control for small-to medium-sized vestibular schwannomas and other types of tumors, although vestibular schwannomas in patients with NF2 responded less favorably than did unilateral sporadic vestibular schwannomas. Phenotype is the most significant factor for predicting the final outcome after GKS for patients with NF2. The risk for hearing loss is high, whereas the risk for other cranial nerve complications is low. 
